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ABSTRACT 

We report the discovery of a new ultraluminous X-ray source (ULX) associated with a globular 
cluster in the elliptical galaxy NGC 4649. The X-ray source was initially detected with a luminosity 
below 5 X 10'^^ erg s~^, but in subsequent observations 7 and 11 years later it had brightened sub- 
stantially to 2 — 3 X 10'^^ erg s^^. Over the course of six separate observations it displayed significant 
spectral variability, in both continuum slope and absorption column. Short-term variability in the 
X-ray flux was also present in at least one observation. The properties of this object appear consistent 
with a stellar-mass black hole accreting at super-Eddington rates (i.e. in the ultraluminous accretion 
state), although a highly super-Eddington neutron star cannot be excluded. The coincidence of an 
increase in absorption column with a possible enhancement in short-term variability in at least one 
observation is suggestive of a clumpy radiatively-driven wind crossing our line-of-sight to the object. 
Subject headings: X-rays: binaries — X-rays: galaxies — Globular clusters: general 



1. INTRODUCTION 



Ult r aluminous X-ray s ources (ULXs, see [Roberts! 
I2007t iFeng fc Sorial 120111 for recent reviews) are most 
commonly found in star forming galaxies, with the 
link between the two phenomena spectacularly evi- 
dent in the most actively star forming system s (e.g. 
iFabbiano. Zezas fc Murravll200llGao et al.lf2003l ). How- 
ever, not all ULXs are linked to star formation re- 
gions. Surveys of ULXs have long identified a minor- 
ity of them with t he old s tellar populati ons of ellipti- 
cal g alaxies (e.g. IColbert & Ptak 2002| I Swart z et al.l 
|2004[ ). although a relatively large proportion of these 
ULXs may be mis-identifications of background objects, 
particularly when they h ave observed X-ray luminosities 
above 2 x IQ^^ erg s~^ (jlrwin. Bregman fc Athevll200l 
iWalton et al.ll201l[ l. Additionally, the recent discoveries 
of new ULXs in both M31 and M83 that have no young 
stellar counterpart indicates these objects must be low- 
mass X- ray binaries associated with an older stel lar pop- 
ulation (jMiddleton et al.ll2012l : [Soria et al.ll2012D . 

In recent years, a combination of the high X- 
ray spatial resolution and sensitivity of Chandra and 
XMM-Newton has begun to identify a population of 
ULXs in elliptical galaxies that have globular clus- 
ters (GCs) as optical counterparts. These are par- 
ticularly interesting given the surmise that GCs are 
a plausible h ost for an interm ediate-mass black hole 
(IMBH, e.g. iMiller fc ColbertI [2004) . Five good can- 
didate GG-ULXs are now known: two in NG C 4472 
(iMaccarone et al.l 120071: iMaccarone et all 120111). two in 
NGC 1399 (jlrwin et all 120101: iShih et al.l 120101) a nd a 
new object in NGC 3379 (|Brassington et al.n2012D . In- 
terestingly, optical spectroscopy of two of these ob- 



jects shows remarkable emission line ne bulae with strong 
[O mi lines and a lack of H lines (jZepf et all l200a 
llrwin et al.ll2010l ): the origi n of these n ebula e remains a 
subject of much debate (e.g . IMaccaron e fc W amCTll20Tl 
iRipamonti fc Mapelliir2012l : IClauseiTet al..,20ll l 

Here we report the discovery and characteristics of a 
new, variable ULX associated with a GC in the ellip- 
tical galaxy NGC 4649. Although this obje ct has been 
catalo gued by variou s autho rs (iRanda ll. Saraz in fc IrwinI 
I200I IColbert et all I200I iDevi et ah 2007 ), this was 
from an April 2000 observation where it had a relatively 
low luminosity (Lx 2 — 5 x 10'^^ erg s~^, depending 
on assumed spectrum). We report that in a sequence of 
observations taken in 2007 and 2011 it had brightened to 
the ultraluminous regime, and showed significant spec- 
tral and temporal variability. In this paper we present 
the intriguing behaviour of this object, and discuss its 
nature. We assum e a distance of d = 16 .5 Mpc to NGC 
4649 in this work (jBlakeslee et al.ll2009f ). 

2. DATA AND SOURCE IDENTIFICATION 

NGC 4649 has been observed six times by the Chan- 
dra ACIS-S detector, for a combined exposure of « 300 
ks. The details of these observations are summarised 
in Table [TJ The data were extracted from the Chandra 
data archiveQ, and then cleaned, combined and searched 
for point-like sources using the standard Ci AcB tools; 
the de tails of this analysis will be reported in iLuo et aLl 
(|2012f l. Here we focus our attention on the brightest 
individual source detection, CXOU J124346. 9-1-113234, 
that was detected with an average luminosity in excess 

^ http://cxc.iiarvard.edu/cda 
^ http://cxc.harvard.edu/ciao 
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Figure 1. Left: Three-colour Chandra ACIS-S X-ray image of tlie region containing CXOU J124346.9-f 113234. It is visible in tlie centre 
of the image, close to the second ULX (see text). The central regions of NGC 4649 are visible on the right of the image via their strong 
diffuse emission. The square delimits the regions shown in the accompanying optical images. The image uses data from the 0.3-1 keV, 1-2 
keV and 2-8 keV bands (shown as red, green and blue respectively), where each individual image is exposure-corrected and then adaptively 
smoothed using the CIAO tool CSMOOTH. Right: HST ACS/WFC images of the region containing the ULXs, in the F475W (~ g) and 
F850LP (~ z) filters (upper and lower panels, respectively). The positions of both ULXs are marked by open circles (not scaled to the 
positional uncertainty) . 



Table 1 

Observation log 



ObsID 


Start time 


Exp. (ks) 


Counts 


(1) 


(2) 


(3) 


(4) 


785 


Apr 20 2000 3:34AM 


34.2 


67 


8182 


Jan 30 2007 12:30PM 


49.2 


407 


8507 


Feb 1 2007 2:56AM 


17.3 


100 


12976 


Feb 24 2011 5:31PM 


100.3 


721 


12975 


Aug 8 2011 7:31AM 


86.1 


420 


14328 


Aug 12 2011 1:36AM 


14.0 


83 



Notes: (1) Chandra observation identifier number. (2) Obser- 
vation start time and date (in UT). (3) Observation exposure 
after cleaning for high background time intervals. (4) Counts 
detected from each observation of the source, obtained from 
the X-ray spectrum. 

of 2 X 10'^^ erg s^^, placing it firmly in the ultralumi- 
nous regime. As Table [T] shows, a total of ~ 1800 counts 
were accumulated from the object, with in excess of 400 
counts detected in each of the three longest observations. 

We show a portion of the ACIS-S field as a false-colour 
image in Fig. [l] centred on the position of the ULX. Re- 
markably, given that only three ULX candidates were 
detected in NGC 4649, a second candidate ULX (CXOU 
J124347.0-f 113237 with Lx ~ 10^^ erg s'^) lies less than 
4 arcseconds from the position of our object. This rules 
out using data from other missions with coarser spatial 
resolution to investigate the properties of either ULX; 
in particular two XMM-Newton observations totalling 



> 145 ks exposure are rendered useless given the ^ 5 arc- 
second spatial resolution of its X-ray telescopes. Happily, 
the Chandra detections are sufficiently separated to avoid 
cross-contamination of their data, and Chandra provides 
accurate positions that permit multi- wavelength searches 
for counterparts to both objects. 

To the latter end, we have also obtained new HST 
ACS/WFC images in the F475W (= SDSS g) and 
F850LP (= SDSS z) fifiers. We show a smaU region of 
each image, after preliminary cleaning and aligning to the 
X-ray data, in Fig. [TJ While no counterpart is observed 
for the fainter of the two ULXs, a clear counterpart is vis- 
ible for CXOU J124346.9-H113234, matchi ng its position 
to < .1 arcseconds. Further analysis (see lStrader et al] 
l2012bD shows it to have rUg = 21.81 and = 20.26 
(accurate to ±0.01 magnitudes, and corre cted for Galac- 
tic extinction as per lPeek fc Gravesll2010[ ). and half-light 
radii of 1.9 pc. These equate to absolute magnitudes 
Mg = -9.28 and M, = -10.83 for NGC 4649, consistent 
with a GC. 

However, a number of candidate ULXs discovered near 
to elliptical galaxies with bright optical counterparts 
have subsequently been identified a,s bac kground QSOs 
(e.g. IWong. Chornock &: FilipDenkoll2008l ). We therefore 
obtained an optical spectrum of the HST object with 
the DEIMOS spectrograph on the Keck II telescope. A 
60 minute exposure was taken, using a 1200 line mm~^ 
grating centred at 7800 A and a 1 arcsecond slit, giving a 
resolution of ~ 1.5 A. We show the spectrum in Figured 
Through a cross-correlation of the region around the Ca 
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Figure 2. Keck DEIMOS count spectrum of the optical counterpart to CXOU J124346. 9+113234. The spectrum is smoothed for display 
purposes by averaging over the five adjacent data points to each individual element, and corrected to its rest frame using the heliocentric 
velocity established from the Ca II triplet of absorption features at 8498, 8542 and 8662 A. The other notable features include an instrumental 
chip gap at ~ 7690 A, the telluric Fraunhofer (A & B) O2 absorption features at ~ 6850 and 7580 A (after correcting to the GC rest 
frame), and a Ha absorption feature at ~ 6563 A. 

II triplet of stellar absorption features we measure a he- 
liocentric radial velocity of 1025 ± 8 km s~^, consistent 
with the systemic v elocity of NGC 4649 (1117±6kms-i; 
iTrager et al.ll2000l ). This provides strong evidence that 
the optical counterpart is indeed a GC associated with 
NGC 4649. However, the spectrum shows no evidence for 
emission lines; in particular, Ha is only seen in absorp- 
tion, and the strong [Nil] seen in the GC c ounterpart to 
CXOU J033831.8-352604 by llrwin et all (pOlO. ) is not 
observed. Unfortunately, the blue wavelength limit of 
the spectrum is 6400A, so with these data we cannot 
determine whether there is any [OIII] emission as ob- 
served for the other two GCs with emission-line nebulae 
(|Zepf et al, 2008; Irwin et al.ll2QTol ). 



3. X-RAY CHARACTERISTICS 

Given that this is likely to be a GC-ULX in NGC 
4649, its X-ray properties become of great interest. We 
therefore extracted spectra and light curves for CXOU 
J124346.9-f 113234 from each observation. Spectra were 
extracted using the standard CIAO tools from an aperture 
consistent with the 90% encircled energy point spread 
function at 1.5 keV, and background spectra were ob- 
tained from the surrounding source-free regions. For 
the three datasets with > 400 counts the spectra were 
grouped into bins of 20 counts or more to permity^ fit- 
ting in the X-ray spectral fitting package xspecO- The 
remaining three datasets contain many fewer counts, and 
so were left unbinned and fitted to models in xspec using 
the C-statistic. 

We attempted only very simple model fits since the 
spectra were only moderate quality. These were an 
absorbed power-law model (tbabs*po in xspec), and 
an absorbed multi-colour disc blackbody model (MCD; 
tbabs*diskbb), consistent with the two dominant spec- 
tral models for Galactic black hole X-ray binaries (BHBs, 

^ |http : //heasarc ■ nasa ■ gov/xanadu/xspec/ 1 



cf. iMcClin tock fc Remillardl I2OO60 . In each case we 
added an additional fixed column of 2.2 x 10^° cm~^ 
to account for the a.bsorp tion within our own Galaxy 
(jPickev fc LockmanI I1990D. and the absorption abun- 
dances were set as per iWilms. Allen fc McCravl (|2000). 
The fitting was constrained to the 0.5-8 keV band, where 
the detector response is best understootfl. We detail the 
results of the fits in Table [H The quoted errors on the 
best fitting parameter values are the 90% confidence lim- 
its. In the case of the data fitted using the method we 
constrained the flux by adding the multiplicative cf lux 
component to our models and re-fitting; for the poorer 
data we obtained the fiux errors directly from the model 
normalisations . 

The models provided acceptable fits to the data in all 
but one case, and even this was only marginally ques- 
tionable (the MCD fit to ObsID 12976, with a nuh hy- 
pothesis probability of 0.022). The parameters delivered 
by the fits vary in their ability to constrain the spectrum, 
with the poorer data yielding much larger errors. Despite 
this, we are able to draw conclusions from the data. It 
shows that the source spectrum is typically relatively un- 
absorbed, with most columns consistent with no absorp- 
tion at the 90% level, and most upper limits below a few 
xlO^^ cm~^. The power-law continua are typically very 
hard, with indexes between 1.1 and 1.7, and the MCD 
fits appear hot (fcTin > 1 keV) in most cases. Crucially, 
the higher quality data demonstrates spectral variability. 
We illustrate this in Fig. [3l where we compare the three 
highest quality datasets. The unfolded spectra from Ob- 
sIDs 8182 and 12976 in the left panel of Fig. [3] both ap- 

We investigated the effect of extending these fits down to 0.3 
keV, but for two of the three higher quality datasets no additional 
data were available below 0.5 keV. The other spectrum (12976) 
had one additional data point; but this did not significantly change 
the best fitting parameters, and only modestly improved the error 
constraints (e.g. the 90% constraint on the absorption column 
improved from < 0.13 to < 0.12 X 10^-^ cm~^). 
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Figure 3. Left: X-ray spectra of CXOU J124346. 9+113234, from the three best quahty datasets. The data and best-fitting absorbed 
power-law continuum models are unfolded from the instrument response, and each dataset is represented by a different colour: blue for 
ObsID 8182, red for 12976 and black for 12975. Right: The differences in the spectra are emphasized by the confidence regions in the best 
fitting parameter values. The 68% (solid line), 95% (dashed line) and 99% (dot-dash line) confidence regions for the power-law photon 
index F and the absorption column Afjj are shown. The colours are as per the left panel. 



Table 2 

Best fitting X-ray spectral parameters for CXOU J124346. 94-113234 



ObsID tbabs*po tbabs*diskbb 

A^H r xVdof A^H xVdof /x,PL 

or (C-Stat) or (C-Stat) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


785 


< 0.20 


1 7o + ().»i 
'■'-0.41 


(170/509) 


< 0.07 




(173/509) 


i.Uy_Q 24 


8182 


< 0.13 




19.43/15 


< 0.04 


r, -17+0.85 
' -0.49 


22.43/15 




8507 


< 0.47 


^•°^-0.52 


(242/509) 


< 0.23 


1 20+0.69 
-^■^^-0.38 


(239/509) 


5.05tt:°^ 


12976 


< 0.13 


-I t:o + 0.23 


30.25/28 


< 0.02 


-I r,t:+0.18 


44.97/28 


6.12tO;f7 


12975 




1 39+0.29 


10.47/16 


i^+o-is 

'J-^O-0.13 


'^■'-"-0.51 


11.63/16 




14328 


< 0.38 


-I -19+0.60 
^•^^-0.39 


(229/509) 


< 0.23 


r, 10 + 3.24 

^■-'-^-o.oi 


(228/509) 


6.8lt^:™ 



Notes: (1) Chandra observation identifier number. (2) & (5) Absorption column external to our own Galaxy, in units of 10^^ atom cm ^. 
(3) Power-law photon index. (4) & (7) Goodness of fit statistic, either x^/dof (where dof is the number of degrees of freedom) for the 
statistic, or C-stat/dof for the C-statistic, with the latter shown in parentheses for clarity. (6) Inner disc temperature for the MOD model, 
in keV. (8) Source flux, in the 0.5-8 keV band and in units of 10"^* erg cm~^ s~^, based on the power-law continuum fits. The flux values 
for the MOD fits were generally 10 - 20% lower. 



pear unabsorbed, yet display markedly different slopes. 
The 12975 data then appears different again, with strong 
absorption evident at low energies. We emphasise these 
spectral differences by contouring the confidence regions 
for the power-law photon index and the absorption col- 
umn in the right panel of the Figure. None of the con- 
fidence regions overlap at the 95% confidence level, and 
the ObsID 12976 and 12975 data are clearly different at 
the 99% confidence level. However, the spectral changes 
do not correlate directly with luminosity - although the 
faintest and the most luminous epochs display the softest 
and (joint-)hardest spectra, these values are poorly con- 
strained, and the intermediate luminosities show a range 
of behaviour that does not appear to scale with flux. 

As alluded to above, the ULX also displays long-term 
flux variability. We show its long-term light curve in 



the top panel of Fig. El Clearly in 2000 the observation 
shows a source at slightly above the Eddington lumi- 
nosity for a 1.4Mo neutron star; this subsequently rises 
to be persistently in the 2 — 3 x 10^^ erg s~^ regime, 
i.e. super-Eddington for a IOMq black hole, in the later 
observations. It still varies strongly between the later 
observations - for example, in 2007 the flux drops by a 
factor 2 in a day. 

We also investigated the variability within each obser- 
yation via two tests: the G regory-Loredo (GL) algorithm 
(| Gregory fc Loredolll992D . as implemented in the CIAO 
tool GLVAR^; and a simple test against the hypoth- 
esis of a constant count rate. We extracted light curves 
from a 1.75 arcsecond radius aperture centred on the 
ULX, with background again taken from the surround- 

® |http: //cxc .harvard. edu/ciao/threads/variable I 
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Figure 4. Top: Long-term luminosity variations from CXOU 
J124346. 9+113234. The six observed 0.5-8 keV luminosities from 
the Chandra ACIS-S observations are shown, with associated la 
flux errors. The additional 3cr upper limit arises from a 2XMM 
catalogue detection of the pair of ULXs (that are unresolvable by 
XMM-Newton). The three better-quality datasets are highlighted 
by the thicker error bars. Bottom: Light curve from the ObsID 
12975 data, with the data in 4 ks bins. 

ing source- free regions. The GL test reports variability 
in three observations - ObsIDs 8507, 12975 and 14328 - 
at a probability > 0.9999; the comparable probability for 
variability in the other three observations is < 0.1. Un- 
fortunately, the statistics for two of these observations 
are too poor to permit fitting of their light curve to 
confirm this variability, but we are able to do that for 
ObslD 12975, and this provides a marginal confirmation 
(null hypothesis probability of 0.012 that the light curve 
is constant; see also Fig. H]). We also confirm via fit- 
ting that the two other higher quality datasets (8182 & 
12976) show no evidence of variability. 

4. DISCUSSION 

We have seen that CXOU J124346.9-f 113234 is a GC- 
ULX; that it displays long- and probable short-term 
flux variability; and that its spectrum also changes with 
time. However, while we have been forced to fit the 
data with simple, single component models, Galactic 
BHBs are more commonly described by a combination 
of a power-law continuurn and a MCD, plus absorption 
(jMcClintock fc Remillardll2006[ ) . A scheme for interpret- 
ing the results of simple fits to the X-ray spectra of ac- 
creting binaries in elliptical galaxies (where the antici- 
pated line-of-sight absorption in the host galaxy is min- 
imal) in light of their likely greate r complexity is pre- 
sented by Brassington ct ajj (|2010l ). In their Fig. 16 
they present a decision tree providing diagnoses of the 
underlying accretion state of an object, based on the ab- 
sorption columns and goodness of fits to the same two 
simple models as we have used, only without an assumed 
foreground column. We therefore re-fitted our spectral 



data, and used the results in combination with the de- 
cision tree to diagnose the behaviour of our ULX. We 
provide a summary of this process, applied to our obser- 
vations, in Table [3l 

Interestingly, its behaviour appeared to split into two 
groups. The first (ObsIDs 785, 8182 & 12976) could 
all be interpreted as a cool MCD spectrum (fcTin < 0.5 
keV) plus a non-thermal component, although given the 
uncertainties on the fits a power-law dominated hard 
state or a steep power-law with either a cool or hot 
(> 1.5 keV) disc, were also possible interpretations. 
Crucially, in the absence of very high quality data, a 
cool disc plus non-thermal tail spectrum is consistent 
with the ultraluminous stat e spec trum as described by 
[Gladstone. Roberts fc Doni (|2009f) . indicative of super- 
Eddington emission from stellar-mass BHBs. The second 
group (8507, 12975 & 14328) were aU best described by 
an absorbed spectrum, in which the underlying model 
cannot be determined, although the same cool disc plus 
non-thermal tail model was a possible alternative inter- 
pretation for observation 8507. Interestingly, these three 
observations were the same three observations in which 
the GL test detected variability. This classification is 
supported by the spectral fits in Table [2] - 12975 is the 
only observation in which absorption is clearly detected, 
and (unlike the other three datasets) the best-fitting col- 
umn was well above Galactic (~ lO^^ cm'^) for 8507 
and 14328, although their poor data quality mitigated 
against excluding null columns. 

To put our object in context, it is instructive to 
consider the other members of this class. The pri- 
mary importance of these objects was as the first pos- 
itive evidence for black holes in GCs, when previ- 
ously there was conside rable uncerta inty that GCs could 
host such objects ( Maccarone et al] 1200 71^. Given the 
evidence for short- and long-term variability in our 
object, and the high luminosities it attains, CXOU 
J124346. 9-1-113234 is therefore another good candidate 
black hole in a GC. The evidence so far points to 
GC-ULXs being stellar-mass black holes accreting at 
super-Eddington rates. This is indicated firstly by the 
possible presence of massive outflows from these ob- 
jects (where massive, radiatively-driven outflows are a 
key prediction of super-Eddington a ccretion, see e.g . 
iPoutanen et"~aI]l2007D . seen in optical (|Zepf et al.ll2008l ) 
and X-ray (Brassin gton et al.l 12012ft spectroscopy. Sec- 
ondly, the intrinsic X-ray spectra of the objects them- 
selves betray signs of super-Eddington accretion. For 
example, the spectra of both the object in RZ 2109, 
and CXOKMZJ033831. 7-353058 in NGC 1399, are 
cool-disc-dominated when in the ultraluminous regime 
(Maccarone et al. 2007; Shih ct al. 2010), consistent with 
an ultraluminous state spectrum where the soft compo- 
nent (either the outer disc, or perhaps more plausibly the 
photosphere a t the base of a radiatively-driven o utflow) 
dominates, cf. I Gladstone. Roberts &: Doii3 (|2009| ) for ex- 
amples. Furthermore, the NGC 1399 object fades in flux 
with time and possesses a classic thermal-dominant spec- 
trum at sub-Eddington fluxes, consistent with a stellar- 

^ The recent report of two black hole candidates in the Galactic 
GC M22, detected as flat-spectrum radio sources, now provides 
further evidence t hat black holes might be present in some numbers 
in GCs; see Stra der et al.1 l[2012a 1. 
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Table 3 

Diagnoses of source states according to the Brassington et al. (2010) scheme 



ObsID 


-^H, power — law 


MCD fit good? 


-'Vh.MCD 


Diagnosis 


(1) 


(2) 


(3) 




(4) 


(5) 


785 


< Galactic 


Marginal (goodness 


~ 91%) 


= 


steep power-law + disc or 












cool disc + non-thermal tail 


8182 


Galactic 


Marginal (null hyp. 


^0.1) 


w 


hard state or 












cool disc -I- non-thermal tail 


8507 


> Galactic 


Marginal (goodness 


~ 88%) 


> Galactic 


source intrinsically absorbed or 












cool disc -I- non-thermal tail 


12976 


~ Galactic 


Marginal (null hyp. 


~ 0.04) 


= 


cool disc + non-thermal tail or 












hard state 


12975 


> Galactic 


Yes (null hyp. ~ 


0.7) 


> Galactic 


source intrinsically absorbed 


14328 


> Galactic 


Yes (goodness ~ 


56%) 


> Galactic 


source intrinsically absorbed 



Notes: (1) Chandra observation identifier number. (2) Absorption column fitted as part of a simple tbabs*po model, compared to the 
Galactic foreground column of 2.2 X 10^" cm^^. (3) Does a tbabs*diskbb model constitute an acceptable fit to the data? Here, we use 
a null hypothesis of < 0.05 (for the statistic) or goodness of > 95% (C-stat) as the criteria for an unacceptable fit, hence for the four 
datasets close to this cut-off we provide alternative diagnoses of the state. (4) Absorption column for the tbabs*diskbb model. (5) State 
diagnosis. 



mass black hole. On the other hand, the second GC-ULX 
in NGC 4472 possesses a hot disc-lik e spectrum when ul- 
traluminous (jMaccarone et al.ll2011|) ; but this is also con- 
sistent wit h many ULXs as they reach super-Ed dington 
fluxes, e.g. IMiddieton. Sutton fc Roberts! (|2011[ ). 

Perhaps most pertinently the GC-ULX in NGC 3379 
has an underlying hard, power-law continuum spectrum 
(|Brassington et al]|2012t ). similar to our object; and the 
variability seen in the RZ 2109 object on both short and 
long timescales can be attributed to variations in the 
absorption column close to the object (iMaccarone et al.l 
120111) . So, although we cannot definitively rule out 
the presence of an IMBH in CXOU J 124346.9-H13234 
a mo re likely scenario (based on the iBrassington et aLl 
diagnoses) is that we are observing a stellar-mass 
object in the ultraluminous state. We therefore specu- 
late that the ULX, when first observed, was in a steep 
power-law state with a significant disc contribution; it 
then brightened significantly and in the 2007 and 2011 
observations it was in an ultraluminous state. In the 
latter observations there were indications of increased 
absorption column when the flux diminished, consistent 
with the behaviour seen in the RZ 2109 GC-ULX. The 
most important new evidence from our object is the pos- 
sible link between enhanced variability and absorption, 
primarily in ObsID 12975 but also very tentatively in 
both 8507 and 14328. This is plausible evidence for an 
outflow driven by super-Eddington processes, if the in- 
crease in variability is the result of a clumpy radiatively- 
driven wind passing across the line-of-sight to the X-ray 
emitting regions of the ULX, and so simultaneously both 
providing additional absorp tion and an ex trinsic source 
of variability (cf. Middlct on et al.l 120111 for the lumi- 
nous ULX NGC 5408 X-1). We therefore conclude that 
our object has properties consistent with a stellar-mass 
black hole accreting in the super-Eddington ultralumi- 
nous state. 

Interestingly, if it is showing distinctly super- 
Eddington behaviour at only 2 — 3 x 10'^^ erg then 
this argues that the compact object is relatively small, 
likely < IOM0. This is consistent with BH forma- 
tion in a metal-enriched environment (see below) , where 
the remnants are not expected to be very massive (e.g. 



iFrver et al.llMl) . Indeed, given the peak luminosity 
of ~ 3 X 10'^^ erg s'-^, a highly super-Eddington neu- 
tron star cannot be entirely excluded as a plausible ex- 
planation for this ULX. To this end we note that the 
Z sources often appear at super-Eddington luminosi- 
ties, with Circinus X-1 in particular having been seen 
to reach up to 10 times its Eddington limit, and to show 
a soft, disc-dominated spectrum similar to high accre- 
tion rate black holes at such fluxes (Done & Gicrlihskl 
l2003i n. A pertinent sce nario f or a n eutron star hosted in 
a GC was suggested bv iKingI (|2011| ). who notes that the 
brightest X-ray sources in GCs could be mildly-beamed 
super-Eddington neutron stars in ultra-compact X-ray 
binaries; h owever difficulties with this s c enario were dis- 
cussed by iPeacock. Zepf fc Maccaroiii (|2012[ ). Clearly 
the current data is unable to unambiguously distinguish 
whether a black hole or neutron star underlies CXOU 
J124346. 9-1-113234; unfortunately such a definitive reso- 
lution (e.g. through the detection of type-I bursts) ap- 
pears unlikely for any GC-ULX with the current gener- 
ation of in strumentation. 

Finally, IMaccarone et al.l (|2011l ) note that the host 
clusters for the previously discovered GC black hole can- 
didates are t ypically redder (and hen ce more metal rich; 
although see lBrassington "eFaIll20l2l ) and more luminous 
(and hence more massive) than an average GC in their 
host galaxies. The GC host to CXOU J124346.9+113234 
fits into this pattern; its g — z colour and z magnitude are 
in the top - 20% reddest /brightest GCs in NGC 4649 
and its mass is estimated at 2.8 x IO^Mq ()Strader et al.l 
[20^1 2bl. In addition, its relatively small half-light radius 
is also consistent with the notion that X-ray binaries are 
more readily formed in clu sters with higher collision rates 
(e.g. IPeacock et al.ll2010l ). This fairly typical habitat for 
an X-ray binary argues against any excessively exotic in- 
terpretation for the object; once again a super-Eddington 
X-ray binary would appear a plausible interpretation. 

^ After some uncertainty, the neutron star nature of Circinus 
X-1 has recently been confirmed by renewed bursting activity (see 
ID'ai et al.l 12013 and references therein); however its distance re- 
mains the subject of debate, and the peak luminosity may be a up 
to factor 0.3 times lower. 
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5. CONCLUSIONS 

We have reported the detection of a new ULX coin- 
cident with a GC in the galaxy NGC 4649. As with 
other members of the still-rare class of GC-ULXs, this 
object is a good candidate to be a black hole radiating 
at super-Eddington luminosities, although we cannot en- 
tirely exclude the possibility that this is a highly super- 
Eddington neutron star. The benefit of having had a se- 
ries of Chandra observations spaced over 11 years is that 
it has allowed us to demonstrat e that this source varies its 
characteristics with time; the iBrassington et all ()201Clf ) 
simulations show that the observed spectra can be inter- 
preted as super-Eddington emission, with some obser- 
vations showing an additional absorption column. The 
observations with additional column also show at least 
some evidence for short-timescale variability; together 
this could be interpreted as evidence for a clumpy, radia- 
tively driven wind (a key prediction of super-Eddington 
accretion) crossing the line-of-sight, consistent with some 
other ULXs. Interestingly, this again points to a com- 
monality in physical processes betwee n ULXs in both 
old a nd young stellar populations (cf. IMiddleton et al.l 
IMl) . CXOU J124346.9-I-113234 therefore serves to 
highlight the potentially interesting astrophysics that we 
can recover from the less well-studied ULXs associated 
with older stellar populations, both tentatively with cur- 
rent missions and, potentially, in far more detail with 
future high collecting area and high spatial resolution 
X-ray observatories. 



The authors thank an anonymous referee for com- 
ments that have improved this paper. TPR thanks the 
Royal Society for the award of an International Exchange 
scheme grant. This work was supported under NASA 
grants GO-12369.01-A HST (PI Fabbiano) and GOl- 
12110X Chandra (PI Fabbiano). We acknowledge sup- 
port from the CXC, which is operated by the Smithso- 
nian Astrophysical Observatory (SAO) for and on behalf 
of NASA under contract NAS8-03060. GF thanks the 
Aspen Center for Physics. 

Facilities: Keck, CXO (ACIS). 

REFERENCES 



Blakeslee J.P., et al., 2009, ApJ, 694, 556 

Brassington N.J., et al., 2010, ApJ, 725, 1805 

Brassington N.J., et al., 2012, ApJ, 755, 162 

Clausen D., Sigurdsson S., Eracleous M., Irwin J. A., 2012, 

MNRAS, 424, 1268 
Colbert E.J.M., Ptak A.F., 2002, ApJS, 143, 25 



Colbert E.J.M., Heckman T.M., Ptak A.F., Strickland D.K., 

Weaver K.A., 2004, ApJ, 602, 231 
D'ai A., et al., 2012, A&A, 543, A20 

Devi A.S., Misra R., Agrawal V.K., Singh K.Y., 2007, ApJ, 664, 
458 

Dickey J.M., Lockman F.J., 1990, ApJ, ARA&A, 28, 251 
Done C, Gierlinski M., 2003, MNRAS, 342, 1041 
Fabbiano C, Zezas A., Murray S.S., 2001, ApJ, 554, 1035 
Feng H., Soria R., 2011, New AR, 55, 166 

Fryer C.L., Belczynski K., Wiktorowicz G., Dominik M., Kalogera 

v., Holz D.E., 2012, ApJ, 749, 91 
Gao Y., Wang Q.D., Appleton P.N., Lucas R.A., 2003, ApJ, 596, 

L171 

Gladstone J.C., Roberts T. P., Done C, 2009, MNRAS, 397, 1836 
Gregory P.C., Loredo T.J., 1992, ApJ, 398, 146 
Irwin J. A., Brink T.G., Bregman J.N., Roberts T.P., 2010, ApJ, 
712, LI 

Irwin J. A., Bregman J.N., Atliey A.E., 2004, ApJ, 601, L143 
King, A., 2011, ApJ, 732, L28 
Luo B., et al., 2012, in prep. 

McClintock J.E., Remillard R.A., 2006, in Lewin W.H.G., van der 
Klis M., eds. Compact Stellar X-ray Sources. Cambridge Univ. 
Press, Cambridge, p. 157 

Maccarone T.J., Kundu A., Zcpf S.E., Rhode K.L., 2007, Nature, 
445, 183 

Maccarone T.J., Kundu A., Zcpf S.E., Rhode K.L., 2010, 

MNRAS, 409, L84 
Maccarone T.J., Kundu A., Zepf S.E., Rhode K.L., 2011, 

MNRAS, 410, 1655 
Maccarone T.J., Warner B., 2011, MNRAS, 410, L32 
Middleton M., Roberts T.P., Done C, Jackson F., 2011, MNRAS, 

411, 644 

Middleton M.J., Sutton A.D., Roberts T.P., 2011, MNRAS, 417, 
464 

Middleton M.J., Sutton A.D., Roberts T.P., Jackson F.E., Done 

C, 2012, MNRAS, 420, 2969 
Miller M.C., Colbert E.J.M., 2004, IJMPD, 13, 1 
Peacock M.B., Maccarone T.J., Kundu A., Zepf S.E., 2010, 

MNRAS, 407, 2611 
Peacock M.B., Zepf S.E., Maccarone T.J., 2012, ApJ, 752, 90 
Peek J.E.G., Graves G.J., 2010, ApJ, 719, 415 
Poutanen J., Lipunova G., Fabrika S., Butkevich A.G., 

Abolmasov P., 2007, MNRAS, 377, 1187 
Randall S.W., Sarazin C.L., Irwin J. A., 2004, ApJ, 600, 729 
Roberts, T.P., 2007, Ap&SS, 311, 203 
Ripamonti E., Mapelli M., 2012, MNRAS, 423, 1144 
Shih I.e., Kundu A., Maccarone T.J., Zepf S.E., Joseph T.D., 

2010, ApJ, 721, 323 
Soria R., Kuntz K.D., Winkler P., Blair W.P., Long K.S., 

Plucinsky P.P., Whitmore B.C., 2012, ApJ, 750, 152 
Strader J., Chomiuk L., Maccarone T.J., Miller-Jones J.C.A., 

Seth A.C., 2012a, Nature, 490, 71 
Strader J., et al., 2012b, ApJ, in press ( arXiv:1210.3621 1'l) 
Swartz D.A., Ghosh K.K., Tennant A.F., Wu K., 2004, ApJS, 

154, 519 

Trager S.C., Faber S.M., Worthey G., Gonzalez J. J., 2000, A J, 
119, 1645 

Walton D.J., Roberts T.P., Mateos S., Heard V., 2011, MNRAS, 
416, 1844 

Wilms J., Allen A., McCray R., 2000, ApJ, 542, 914 

Wong D.S., Chornock R., Filippenko A.V., 2008, PASP, 120, 266 

Zepf S.E., et al., 2008, ApJ, 683, L139 



